A method of parameter estimation of induction motor based on optimization using a chaotic swarm algorithm is presented. The parameter estimation methodology describes a method for estimating the steady-state equivalent circuit parameters from the motor performance characteristic, which is normally available from manufacturer data or from tests. The optimization problem is formulated as multi-objective function to minimize the error between the estimated and the manufacturer data. Chaotic ant swarm algorithm is a novel optimization method, which has the ability of global optimum search. A numerical simulation on the test motor is conducted. Simulation results show that the proposed method is effective in parameter estimation of the induction motor.
activity patterns. And from the viewpoint of kinetics, some certain inherent relations between the chaotic activity patterns of single ant and the self-organizing behavior of the colony exist. The chaotic behavior of individual ant and the intelligent organization actions of ant colony are adaptations to the environment. These behaviors are very important for the ant to find food and survive [8, 9] . Inspired by natural ants behavior, Reference [10, 11] combined the ant chaotic kinetics, swarm organizing, and optimization mechanism ingeniously, and proposed a new kind of optimization algorithm based on swarm intelligent theory, which is chaotic ant swarm algorithm. The mathematic model of the chaotic ant swarm is as follows: 
where μ i is the organization variable of an ant swarm system, and μ i (0) =0.999; r i is organization factor; θ id is the d dimension state of ith ant, d=1,2,⋯,L, L is the dimension of optimization space, I =1,2,⋯,N, N is the number of the ants; P id (n-1) is the best position found by ith ant and its neighbors within n-1 steps; ψ d is a constant and can be used to adjust the search range of θ id ; V i determines the moving proportion of the ant chaotic kinetic behavior equation in the space, and generally V i = 1/2; δ is a constant and 0 ≤ δ ≤ 2/3; α is a very large positive constant, such as α = 200 [11] .
We suppose there are two ants whose positions are (θ i1 ,⋯,θ iL ) and (θ j1 ,⋯,θ jL ) respectively, where i≠j, i,j= 1,⋯,N and i≠j, then the distance between the two ants is
We define the nearest M ants in distance as the neighbors of single ant i, and M<N. The optimization information P id is conveyed among the single ant i and its neighbors. Obviously, when the number of ants N is even, and if M≥N/2, the ants will converge at the same optimum or near-optimum; and when N is odd, if M≥(N-1)/2, the ants will converge at the same optimum or near-optimum. At other circumstances, not all the ants can converge at the same value, that is to say, some of the ants can't find the optimum or near-optimum [11] . r i and ψ d are two important parameters in (1) . r i has effect on the convergence speed of chaotic ant swarm algorithm. If the organization factor r i is very large, the system converges quickly and the chaos state of chaotic ant swarm disappears, thus we can't achieve the desired optima or near-optima. If the organization factor r i is very small, the system converges slowly and the runtime will be longer. If r i equals to zero, the system of chaotic ant swarm is chaotic and won't converge, thus it can't achieve the objective of optimization. Further, since small changes are desired as time evolves, the value of r i is chosen typically 0 < r i ≤ 0.5. The format of r i can be designed according to concrete problems and runtime. In order to denote that each ant has different r i , for example, we can set it as r i = 0.1+ 0.2×rand(), where rand() is a uniformly distributed random number in [0,1]. ψ d > 0 has effect on the searching ranges of the proposed method. If the parameter ψ d is very small, the searching ranges of the algorithm is large; and if it is large, the searching ranges is small. We assume the search
Parameter Estimation of Induction Motor
Approximate Circuit Model Formulation. An induction motor can be modeled by using an approximate model, an exact model or a deep bar model [1] . The parameter estimation problem is formulated as a least squares optimization problem, the objective being the minimization of deviation between the estimated and the manufacturer data. In this paper, we adopt the exact circuit model to estimate the parameters. The problem formulation for the parameter estimation of the exact circuit model is described below.
The problem formulation uses the starting torque, the maximum torque and the full load torque manufacturer data to estimate the stator resistance, the rotor resistance and the magnetizing reactance parameter X m is not considered in this model. V ph is stator voltage per phase; ω s is motor angular velocity; R 1 is the stator resistance; R 2 /s is rotor resistance referred to stator side; X 1 is stator leakage reactance per phase; X 2 is rotor reactance referred to stator side; V th , R th , X th are thevenin's equivalent voltage, resistance, and reactance, respectively; where 'm' stands for the manufacturer. T fl (m), T lr (m), T max (m) and pf fl (m)are the manufacturer values of the full load torque, the locked-rotor torque, the maximum torque and full load power factor, respectively.
Figure1. Exact circuit model of induction motor

Constraints.
Based on the nameplate data, the following constraints are defined [12] :
where T max is the estimated maximum torque.
Parameter Estimation of Induction Motor.
The principles of the chaotic ant swarm algorithm are described in section 2. Its procedure for parameter estimation can be summarized as follows:
Step1: Get the manufacturer data of the induction motor.
Step2: Generate initial positions of all ants at random in the searching space, and Step3: Define the object function as equation (3), and the problem of parameter estimation of the induction motor is converted to a problem of parameter θ optimization which can make the object function minimum.
Step4: Put n i θˆ into (3) in every iterative step, and compute the corresponding object function. Step5: The estimation process ends, and output corresponding results, if the object function values of all ants meet the ending condition.
Simulation Results
In order to evaluate the effectiveness of the chaotic ant swarm algorithm, we apply the chaotic ant swarm algorithm on the system parameters recognition problem, and compare the results of the proposed method with that of GA method. The simulation condition is Intel Core2 Duo processor T6600, 2.20GHz, WindowsXP, Matlab.R2011a. The manufacturer data of the test motor is shown as Table 1 . In Table 2 -5. Figure2-Figure4 shows the results of the chaotic ant swarm algorithm. From these figures, we can see that the accuracy of the chaotic ant swarm is higher than that of GA method. The CAS results of T st , T max and T ful are far better than those of GA. So CAS parameter estimation method has a higher quality than GA method as a whole. Conclusions This paper proposes a new parameter estimation method for induction motor based on chaotic ant swarm algorithm. The problem of induction motor parameter estimation is converted to a problem of parameter optimization which could be solved via chaotic ant swarm algorithm. Chaotic ant swarm algorithm has the ability of global optimum search. A numerical simulation on the test motor is conducted. Simulation results show that CAS parameter estimation method has a higher quality than GA method. So the proposed method is effective in parameter estimation of the induction motor.
An induction motor can be modeled by using an approximate circuit model, an exact circuit model or a deep bar circuit model. In this paper, we adopt the exact circuit model, and next we will research the deep bar circuit model to estimate parameters of induction motors.
